It has long been debated whether tree growth is source limited, or whether photosynthesis is adjusted to the actual sink demand, directly regulated by internal and environmental factors. Many studies support both possibilities, but no studies have provided quantitative data at the whole-tree level, across different cultivars and fruit load treatments. This study investigated the effect of different levels of reproductive growth on whole-tree biomass growth across two olive cultivars with different growth rates (i.e., Arbequina, slow-growing and Frantoio, fast-growing), over 2 years. Young trees of both cultivars were completely deflowered either in 2014, 2015, both years or never, providing a range of levels of cumulated reproductive growth over the 2 years. Total vegetative dry matter growth over the 2 years was assessed by destructive sampling (whole tree). Vegetative growth increased significantly less in fruiting trees, however, the total of vegetative and reproductive growth did not differ significantly for any treatment or cultivar. Vegetative growth over the 2 years was closely (R 2 = 0.89) and inversely related to reproductive growth across all treatments and cultivars. When using data from 2015 only, the regression improved further (i.e., R 2 = 0.99). When biomass was converted into grams of glucose equivalents, based on the chemical composition of the different parts, the results indicated that for every gram of glucose equivalent invested in reproductive growth, vegetative growth was reduced by 0.73-0.78 g of glucose equivalent. This indicates that competition for resources played a major role in determining tree growth, but also that photosynthesis was probably also enhanced at increasing fruit load (or downregulated at decreasing fruit load). The leaf area per unit of trunk cross sectional area increased with deflowering (i.e., decreased with reproductive growth), suggesting that water relations might have limited photosynthesis in deflowered plants, which had much greater canopies. Net assimilation rate (NAR) increased with reproductive growth and decreased with plant size. Net assimilation rate was also negatively correlated with the leaf area per unit of trunk cross sectional area, suggesting that water relations might have contributed to decreasing NAR at increasing plant size.
Introduction
Modern fruit tree cultivars are characterized by higher partitioning of dry matter into fruit (i.e., harvest index, HI) than their wild counterparts (Patrick 1988) . While in forest trees HI (for reproductive structures) may be as low as 0-20%, in cultivated species HI often reaches 75% (Cannell 1985) . This, rather than differences in photosynthetic abilities, explains their higher productivity (Loomis 1983) .
Constant photosynthetic abilities imply that tree growth is determined by the competition for assimilates between vegetative growth, particularly leaves, and reproductive growth. Reproductive and vegetative growths are well-known to be in competition for the available resources, and one inhibits the other (Kramer and Kozlowski 1979 , Spurr and Barnes 1980 , Grossman and DeJong 1995a , 1995b .
Many studies show that reducing tree growth, by dwarfing rootstocks (Preston 1958 , Avery 1970 , controlled water stress (Mitchell et al. 1989) , root pruning (Geisler and Ferree 1984) or containing root volume with drip irrigation (Mitchell and Chalmers 1983) , shoot removal and/or chemical control of vegetative growth (Williams et al. 1986 , Rugini and Pannelli 1992 , Mulas et al. 2011 , all can result in enhanced fruit yields.
Similarly, reproductive growth competes with, and reduces, vegetative growth, as demonstrated by modeling exercises (e.g., DeJong 1994, Smith and Samach 2013) . This is true for mature trees of many species (Stevenson and Shackel 1998 , Costes et al. 2000 , Berman and DeJong 2003 , including olive (Obeso 2002 , Connor and Fereres 2005 , Lavee 2007 , Dag et al. 2010 , Castillo-Llanque and Rapoport 2011 , but especially for young fruit trees, where removal of all blossoms or fruits results in spectacularly large differences in vegetative growth compared with the fruiting controls (Verheij 1972 , Forshey and Elfving 1989 , Embree et al. 2007 .
All this evidence for a source-limited plant growth appears to contrast with other findings or suggestions that plant growth may indeed be sink limited (Fatichi et al. 2014 , Palacio et al. 2014 and that photosynthesis is sink regulated (Boussingault 1868 , Gucci et al. 1991 , Iglesias et al. 2002 . Leaf photosynthesis is often found to be enhanced in the presence of fruit. In some cases this appears to be due to limitation of photosynthesis in the absence of sufficient sinks, when extreme treatments, like girdling associated with few or no fruits (Quentin et al. 2014) , external sugar applications (Iglesias et al. 2002 , Ribeiro et al. 2017 , elevated CO 2 (Ainsworth et al. 2004) , rooted leaves with no growing organs other than roots (Sawada et al. 1986) or continuous light (Sawada et al. 1986, Layne and Flore 1995) , are applied.
The downregulation of photosynthesis appears to be linked to accumulation of photosynthesis end products like, for instance, starch (Paul and Foyer 2001 and references therein) or soluble sugars (Franck et al. 2006 , McCormick et al. 2006 that cannot be exported quickly enough because of a lack of sinks (Ainsworth et al. 2004 ). The downregulation may occur only in the presence of some nutrient deficiency (Pieters et al. 2001 , Pan et al. 2017 or only in the short term (Gucci et al. 1991 , Pan et al. 2017 , but not in well-nourished plants, or in the long term when the plant resumes growth and sink strength. Additionally, there is recent evidence that the downregulation begins before substantial accumulation of sugars, suggesting the changes in sugar turnover, rather than sugar content per se, might be the signal for regulation of photosynthesis (Nebauer et al. 2011) . In their review of the subject, Paul and Foyer (2001) concluded that 'photosynthesis responds to and is controlled by whole plant source-sink balance, controlled by whole plant nutrient balance, principally by the carbon and nitrogen status'.
In other cases, photosynthesis is not affected by source-sink manipulation (Egli and Bruening 2003, Matsuda et al. 2011) , while in other cases yet, photosynthesis is decreased, rather than enhanced, in the presence of fruit, probably due to competition for minerals in situation of insufficient mineral nutrition (Zhang et al. 2013 , Saa and Brown 2014 , Bote and Vos 2016 . Overall, under natural conditions, downregulation of photosynthesis due to sink limitation may be not significant (Stitt 1991) , at least in the absence of stress. Under temperature, water or other stress, however, there is increasing evidence that the stress could act directly on sinks, reducing their growth before photosynthesis is affected, thus explaining why sugar concentration often increases in many stress situations (Muller et al. 2011 , Fatichi et al. 2014 , Palacio et al. 2014 .
Aside from sink regulation, the downregulation of photosynthesis in the absence of fruit can be explained by stomatal regulation (DeJong 1986) and in turn by increased leaf temperature with reduced transpiration (Li et al. 2007) .
Given the evidence for both sink and source limitation to photosynthesis, it is reasonable to assume that plant growth can be both sink and/or source limited, depending on the situation Foyer 2001, Ainsworth et al. 2004) . Assessing the extent of either limitation in any particular situation is very difficult because it requires a whole-plant approach, which is more difficult and rarely carried out, especially in tree species. Most works, therefore, report qualitative measurements at individual leaf or shoot levels, or perhaps data on trunk cross sectional area, which do not permit calculation of quantitative relationships to establish the extent to which growth is source or sink limited at the whole-tree level.
The aim of this work was to investigate whether, and to what extent, whole-tree growth is source and/or sink limited in young olive trees. To assess this, we compared the whole-tree vegetative growth of deflowered, partially deflowered (i.e., in alternate years) and fruiting control trees, in Arbequina, a slow-growing olive cultivar, and in Frantoio, a fast-growing cultivar (Rosati et al. 2013 , Vivaldi et al. 2015 .
Materials and methods
The trial was carried out at the Department of Agricultural, Food and Environmental Sciences of the University of Perugia (Latitude N 43°6' 10", Longitude E 12°23' 39"), using 1-yearold plants, obtained from rooted cuttings, growing in 9.5 l pots. A total of 96 trees were initially selected (48 Arbequina and 48 Frantoio trees). Plants were grown outdoors for 2 years (2014 and 2015) , and were regularly fertigated using a drip irrigation system, in order to avoid water and nutrient stress. The initial plan was to completely deflower half of the plants during the first year and then half of each treatment in the second year, thus leaving 12 trees per treatment. However, Frantoio trees had no flowers in the first year and thus only Arbequina could be deflowered. Therefore, 24 Frantoio trees were chosen out of the initial 48, in order to provide 12 trees for each of the two treatments in the following year. Hence, 72 trees were used in this experiment: 24 Frantoio and 48 Arbequina. Both cultivars could be deflowered the next year. To avoid confusion, therefore, rather than speaking of deflowering and control treatments, we called the different treatments fruiting (Fr) and not fruiting (NF), whether naturally or because they were deflowered. Therefore, plants that had fruits only in 2014, only in 2015, in both years or never, were labeled respectively as Fr + NF, NF + Fr, Fr + Fr and NF + NF. In deflowered plants, inflorescences were removed in May of both years, when flowers were well formed (white stage),
but not yet open.
Trunk diameter was measured 5 cm above the insertion of the main stem on the original cutting wood, at the beginning of each year (2014, 2015 and 2016) , before vegetative growth started.
In February 2016 (end of experiment), three plants having a trunk diameter as close as possible to the average of all plants in each treatment were chosen for destructive sampling. These plants were removed from the pots, and their roots carefully washed, with special attention paid to the recovery of all roots, including dead roots if any. Plants were separated into roots, main stem, branches and leaves, and all parts were then oven-dried at 80°C until constant weight was reached. Before drying, a subsample of 30 leaves per plant was separated and the total leaf area determined using an image analysis program (SigmaScan Pro 5.0 for Windows, SPSS Science, Chicago, IL, USA). Subsamples were then also dried in an oven at 80°C and then weighed. Total leaf area was estimated from the total dry weight of all leaves (including the subsamples) and the area per unit weight of the subsamples.
In February 2014 (beginning of the experiment) six plants per cultivar having a trunk diameter as close as possible to the average of all plants of each cultivar were also sampled and treated as above.
The average total dry weight measured for each plant component in 2014 (average of six values per cultivar) was subtracted from the total dry weight of the same plant component as measured on each of the three sampled plants in February 2016, to calculate the total dry mass increment of that component over the 2 years, for each plant. In the case of leaves, to this increment we added the leaf turnover, i.e., leaves formed in 2013, which were the leaves present in February 2014 (plants were 1 year old), but no longer present in February 2016, to calculate the total leaf biomass production of each plant. This included all the leaf vegetative biomass production, considering that leaves persist for 2 years in olive, and thus all leaves produced during 2014 and 2015 were still attached to the plant at the final sampling date (February 2016). As for roots, all root biomass, including dead roots, if present, were collected. It is possible that a small fraction of dead fine roots produced and died during the 2 years had degraded and thus escaped from the sampling in 2016. However, fine roots represent about a quarter of root biomass in young olive trees (Nuzzo et al. 1997) , and root biomass was~20% of total plant vegetative biomass both in 2014 and in 2016, therefore a small error in the estimation of fine roots would be an error on a small fraction of the total plant biomass. Additionally, since tree biomass increases exponentially in young plants, most of the biomass production, including roots, occurred during the second year, and fine roots' life span in trees is~1.5 years in temperate conditions (Gill and Jackson 2000) . Therefore, it is unlikely that more than negligible amounts of fine roots biomass were lost so early as to have been decomposed enough to escape the final sampling 2 years from the start of the experiment. No stem and branch biomass was lost during the experiment, since no pruning was carried out, and no damage occurred. Therefore, all or nearly all (for roots) vegetative biomass production was included in the calculations of vegetative growth.
In November of both 2014 and 2015, fruits were harvested from each plant (12 plants per treatment) and oven-dried at 80°C until reaching constant weight. Reproductive growth, for the 2 years combined or for 2015 only, was calculated for each plant by adding the fruit dry matter produced, if any, to the inflorescences dry matter. The latter was measured on each tree in the case of deflowering, while for the fruiting plants it was estimated based on inflorescence number and the individual inflorescence dry weight (as measured from the deflowered plants).
Since reproductive growth was calculated for all plants (12 per treatment), while biomass was measured only on six plants per cultivar in 2014 and on three plants per treatment in 2016, in order to compare data for vegetative and reproductive growth on all 12 plants per treatment, we estimated the vegetative growth for each plant, based on allometrics. To do this, the total plant vegetative biomass, measured in February 2014 on six plants per cultivar and in 2016 on three plants per treatment, was plotted against the respective trunk cross sectional area (TCSA), calculated from trunk diameter, to derive the following allometric relationship: Biomass = 2.5 · TCSA -33, R 2 = 0.98, P < 0.001. This was used to estimate total plant vegetative biomass from the TCSA of all trees at all sampling dates (February 2014 (February , 2015 (February and 2016 . A single fit across all treatments was used, since the relationship between plant vegetative biomass and TCSA was not statistically different among the treatments. The total vegetative growth was then estimated for each plant as done for the individual three plants, but using the estimated initial and final biomass of each plant, based on allometrics and adding the leaf turnover as above. The total vegetative growth was estimated also for 2015 only, subtracting the 2015 initial biomass from the final biomass in February 2016 (both estimated from the respective TCSA), and adding the leaf turnover, corresponding again to the 2013 leaves as measured in February 2014 (these leaves were formed during 2013 and died 2 years later, thus they were present at the beginning of 2015, but not at the end of the experiment).
To compare the reproductive growth with the vegetative growth on an equal energy basis, the dry matter values of each component
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) from Penning de Vries et al. (1974) , and data from Mariscal et al. (2000) for the composition of vegetative parts, assuming 40% of oil in fruit dry matter, as done by Villalobos et al. (2006) .
Data are presented as means ± standard errors. Cultivar and treatment effects were statistically analyzed by ANOVA, according to a completely randomized design, and averages were compared using the Student-Newman-Keuls Test, with an alpha of 0.05. The relationships between some of the parameters were evaluated by calculating the coefficients of determination (R 2 ) and the statistical significance of the fits.
Results
Trees were very small at the beginning of the experiment with a total biomass of~33 g in Arbequina and 46 g in Frantoio ( Figure 1A ). In both cultivars, roots represented~20% of the total biomass, stem and leaves about one-third each, and the remaining small fraction was represented by branches. At the end of the experiment, after 2 years, the proportion of biomass among the vegetative components showed some changes between the two cultivars: Arbequina had proportionally more leaves with respect to Frantoio. In both cultivars the fraction of branches increased in 2016, compared with 2014. However, the most striking change was that the total biomass differed greatly across treatments: the two treatments with no fruits in both years had the highest biomass, while the treatment with most fruit (Arbequina Fr + Fr and NF + Fr) had the smallest ( Figure 1B) .
Leaf area also increased during the experiment to very different values between treatments (Figure 2) , mirroring leaf and whole-plant biomass (Figure 1) .
Total vegetative growth during the 2 years, as calculated from the measured biomass on the sampled plants, including leaf turnover, was highest for the two treatments that were always deflowered (i.e., Arbequina NF + NF and Frantoio NF + NF), slightly (and not significantly) lower for the treatments that produced relatively small yields (i.e., Arbequina Fr + NF and Frantoio NF + Fr), and much and significantly lower for the treatments with the highest total yield (Arbequina Fr + Fr and Arbequina NF + Fr) (Table 1) . Roots, stem, branches, leaves and above-ground growth generally followed similar patterns (Table 1) .
When the vegetative growth was estimated for each tree (12 trees per treatment) from the allometric relationship between total plant biomass and TCSA, the results (Table 2) were nearly identical to those obtained with the three plants sampled for destructive measurements (Table 1) . In fact, plotting the total vegetative growth from Table 1 (three plants) against that of Table 2 (12 plants) gave a significant linear regression with R 2 = 0.94 (data not shown). Table 2 also shows the fruit, flower and all reproductive growth measured on 12 trees per treatment. The two treatments with the smallest vegetative growth were those with the highest reproductive growth, and vice versa. When vegetative and reproductive growth were summed, the total growth did not differ statistically among all treatments (Table 2) . Total vegetative growth estimated for all 12 trees in each treatment was negatively correlated with total reproductive growth, over the 2 years across all cultivars and treatments ( Figure 3A) . The correlation was significant and explained 89% of the variability. When the same correlation was obtained for data from 2015 only, the R 2 increased to 0.99 ( Figure 3B ).
When data from Figure 3A and B were converted into gram of glucose equivalents, the regression had negative slopes of −0.78 (2014) (2015) and −0.73 (2015 only), meaning that for every gram of glucose equivalent invested in reproductive growth, vegetative growth was reduced by 0.78-0.73 g (Figure 3C and D).
With increasing reproductive growth, the total leaf area of the plant (2014 and 2015 leaves) was increasingly reduced, proportionally with the reduction in vegetative growth (compare Figure 1B with Figure 2B ) and, with it, the leaf area per unit of trunk cross sectional area (i.e., sapwood) was reduced ( Figure 4A ).
Net assimilation rate (NAR), calculated over the 2 years as the total vegetative plus reproductive growth (in glucose equivalents) per unit final leaf area, was negatively correlated with the leaf area per unit of trunk cross sectional area ( Figure 4B ).
Net assimilation rate, calculated as the total vegetative plus reproductive growth in glucose equivalents over the 2 years ( Figure 5A and C) , or over 2015 only ( Figure 5B and D) , per unit final leaf area, increased with increasing reproductive growth ( Figure 5A and B), and decreased with increasing plant size (TCSA) (Figure 5C and D) .
Discussion
Reproductive and vegetative growth are well known to be in competition for the available resources (see Introduction). In tree crops, however, in most cases this competition has been studied on limited parts of the plant, due to the difficulties in dealing with whole trees. Most often, only selected shoots have been observed (e.g., Rallo and Suárez 1989, Acebedo et al. 2000) , comparing the growth of similar shoots from bearing and non-bearing trees (Cimato and Fiorino 1986, Proietti and Tombesi 1996) .
More rarely, authors have taken a more comprehensive approach, studying populations of modules within the canopy (Hasegawa and Takeda 2001) , or entire branches (Castillo-Llanque and Rapoport 2011). However, only a whole-tree approach can yield a quantitative description of the vegetative-reproductive growth competition. Whole-tree approaches on this subject are rare, mostly reported in older studies (Verheij 1972, Forshey and Elfving 1989) , concerned with the effects of defruiting or of rootstocks. Additionally, even in these old studies, fruits were either removed or left in high numbers, allowing study of the effects of 'off' and 'on' years, or 'off' and 'on' trees, but not providing a quantitative relationship between vegetative and reproductive growth at a whole-tree level.
By using different cultivars and different deflowering combinations, this study provided a whole range of reproductive efforts over the 2 years, allowing for a regression between total vegetative growth and total reproductive growth across two cultivars ( Figure 3A ). This regression explained 89% of the variability. However, it can be observed that the two treatments that produced fruits during the first year (Arbequina Fr + Fr and Arbequina Fr + NF) had lower vegetative growth per unit reproductive growth Values are means ± standard error. Means with the same letter within same column were not significant different. Fr = fruiting treatment; NF = non-fruiting treatment. Probability level: *P < 0.05; **P < 0.01; ***P < 0.001. (i.e., the two data points lie below the trend line). This was due to the fact that producing fruits during the first year had a compound effect on vegetative growth: the reduction in vegetative growth during the first year reduced leaf area and light interception, which then reduced potential growth in the second year, independent of reproductive efforts. If those two lower data points are omitted, the regression in Figure 3A improves (data not shown). However, omitting those values would leave only four data points. To avoid losing points and avoid, as much as possible, the compound effect described above, the regression was calculated for the 2015 only, and the correlation improved (R 2 = 0.99, Figure 3B ). Fr + NF 335 ± 19 b 4.8 ± 0.5 a 8 ± 2.1 a 13 ± 2 a 348 ± 18 a Arbequina NF + Fr 222 ± 20 a 8.1 ± 1.7 b 151 ± 20 b 159 ± 21 b 381 ± 38 a Arbequina NF + NF 396 ± 38 b 9.3 ± 1.5 b -9 ± 1.5 a 405 ± 39 a Frantoio NF + Fr 309 ± 28 b 1.6 ± 0.5 a 45 ± 13 a 47 ± 13 a 356 ± 30 a Frantoio NF + NF 363 ± 28 b 1.2 ± 0.4 a -1 ± 0.4 a 364 ± 28 a Probability level *** *** *** *** n.s. Regressions are statistically significant (P < 0.01). Resource investments in reproductive growth proportionately limit whole-tree vegetative growth. However, the slope <1 (in glucose equivalents, C and D) suggests that deflowered plants grow more, but not as much as could be expected from the resources saved, suggesting increasing growth limitation of a different nature at increasing plant size.
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When data from Figure 3A and B were used to calculate the energy equivalent values (i.e., gram of glucose equivalent), the regressions were also very good ( Figure 3C and D) , with similar R 2 values as for Figure 3A and B. The regressions in Figure 3 and their R 2 values were virtually unchanged both when using measured data from only the three samples plants per treatment (instead of the estimates for the 12 plants), or when using different biometric regression calculated separately for the different treatments (data not shown). This suggests that such strong correlations were due to the large differences in plant vegetative and reproductive growth across treatments, and that possible small differences in the methods of calculation of plant biomass had no impact.
The regressions' slopes in Figure 3C and D were −0.78 for both years ( Figure 3C) , and −0.73 for 2015 only ( Figure 3D ), meaning that for every gram of glucose equivalent invested in fruits, vegetative growth was reduced by 0.78-0.73 g of glucose equivalent. That is, the reduction in vegetative growth with reproductive growth was less than proportional. This suggests that fruiting trees compensated to some extent the sources invested in fruits by providing some additional sources for vegetative growth or, alternatively, that deflowered trees downregulated their source production, compared with fruiting trees.
The compound effect over the 2 years described above was reduced, but still occurred, when using data from 2015 only. This is because, even within 1 year, the increment in vegetative growth at decreasing reproductive growth increased leaf area (data not shown) and thus whole-canopy light interception and photosynthesis during the same year. This, in turn, should further increase tree growth beyond what could be expected from the saved resources. In other words, removing competing fruits has a direct effect, reducing competition among sinks, and an indirect effect, likely increasing whole-canopy photosynthesis, and source availability.
This compound effect could only be attenuated, but not reversed, even if assuming greater maintenance respiration rate of vegetative parts, compared with fruits and flowers (which is unlikely anyway since most of the vegetative biomass is made up by stem, branches and coarse roots, which are woody parts, i.e., mostly dead cells). In fact, it is reasonable to assume that, under normal conditions, no matter what the leaf respiration rate is, increased vegetative growth, and consequently increased canopy leaf area and light interception, can only increase whole-canopy photosynthesis and source availability, especially in young and small trees, which typically grow exponentially. Therefore, deflowered trees, which grew much larger, had much greater leaf area, and therefore intercepted more radiation, should have had much more total resources available, in addition to the resources saved from deflowering. This should have resulted in more than 1 g of glucose equivalents in vegetative growth per gram of glucose equivalent saved in reproductive growth. Growth respiration is included in the glucose equivalent concept, and thus included in the calculations (i.e., in the slopes of Figure 3C and D) .
Therefore, the fact that vegetative growth declined less than expected from the resources saved with deflowering (i.e., slope < 1 in Figure 3C and D) might imply that fruiting plants compensated somewhat for the increased sink demand at increasing fruit load, by providing some additional carbon despite reduced leaf area (and therefore reduced light interception) with smaller canopies. Alternatively, deflowered plants downregulated their source production.
Either way, this implies improved net canopy assimilation rate (NAR) in fruiting plants. In fact NAR (here defined as total plant vegetative and reproductive growth in glucose equivalents per unit of final leaf area) increased with increasing reproductive growth ( Figure 5A and B) . However, this does not necessarily justify the results since while NAR typically decreases with increasing canopy size, due to increasing self-shading (Matsuda Figure 4 . Relationship between the final total leaf area/trunk cross sectional area (TCSA) ratio and the reproductive growth over the 2 years, for the different treatments (A), and relationship between net assimilation rate (NAR), calculated as total vegetative and reproductive growth (glucose equivalents) over both years, per unit of final leaf area, and the final leaf area/TCSA ratio (B). Each point is the average of 12 trees. Bars represent standard errors. Fr = fruiting treatment; NF = non-fruiting treatment. The regression is statistically significant (P < 0.01). These graphs suggest that water stress, due to unfavorable hydraulics (i.e., higher leaf area/TCSA), may be involved in limiting plant growth at increasing plant size (i.e., decreasing reproductive growth).
Tree Physiology Online at http://www.treephys.oxfordjournals.org et al. 2011), canopy light interception and photosynthesis still increase, providing more resources per tree and this, in the absence of photosynthetic downregulation, should still result in more than 1 g of glucose equivalents in vegetative growth per gram of saved reproductive growth (compound effect), not less. Hence, the present results appear to imply improved leaf photosynthetic properties in the fruiting trees or, alternatively, downregulation of photosynthesis in deflowered trees.
If this was the case, the question then arises as to what mechanism might explain the possible stimulation of leaf photosynthesis at increasing sink demand (or the downregulation in deflowered trees). As discussed in the Introduction, leaf photosynthesis could have been downregulated in the absence of fruits, by accumulation of photosynthesis end products or similar mechanisms. However, in olive, leaf photosynthesis was found not to be downregulated in the absence of fruit under natural conditions (Proietti 2000 , Proietti et al. 2006 , while it was downregulated with girdling, but only in the absence of fruit (Proietti and Tombesi 1990) . Haouari et al. (2011) found that leaf photosynthesis was reduced in the absence of fruit, but shoot tips were also removed, thus few alternative sinks were available. It appears therefore that when active sinks are present, downregulation of leaf photosynthesis due to accumulation of photosynthesis end products is unlikely in olive. In this experiment, trees were young, with actively growing shoots (i.e., strong sinks) during the whole vegetative season, particularly in the deflowered trees, so this kind of downregulation was not likely. DeJong (1986) found that in the absence of fruit, downregulation of leaf photosynthesis was related to stomatal limitation. This was accompanied by a much greater production of new and more vigorous shoots in the defruited trees, as in this experiment, which implies greater transpiration, and justifies stomatal closure and limitation of leaf photosynthesis. Similar results were found also by Li et al. (2007) , who additionally found that the lower stomatal conductance increased leaf temperature, which in turn further downregulated leaf photosynthesis. In the present Regressions are statistically significant (P < 0.01). Plants become less efficient (i.e., lower NAR) at increasing plant size (i.e., TCSA) or at decreasing fruit growth.
Tree Physiology Volume 38, 2018 experiment, deflowering resulted in very large increases in total canopy leaf area ( Figure 2B ), which resulted in proportional differences in the leaf area per unit of trunk cross sectional area (i.e., sapwood) ( Figure 4A ). This supports a possible role of water limitation, and therefore stomatal limitation, and possible consequent increases in leaf temperature, in downregulating leaf photosynthesis at decreasing fruit load (and increasing vegetative growth). Hydraulic limitations to source production are also supported by the negative correlation between NAR and the leaf area per unit of TCSA ratio ( Figure 4B ), suggesting that NAR might have decreased with increasing plant size also due to hydraulic limitations, in addition to self-shading.
Whatever the mechanism for partial compensation of vegetative growth in fruiting trees, the fact that vegetative growth was reduced in close proportion to crop load (Figure 3 ) suggests that this effect was dominant over possible photosynthetic compensation/downregulation. This agrees with previous findings that vegetative growth is depressed by the presence of fruit, which compete for resources (Verheij 1972 , Forshey and Elfving 1989 , Stevenson and Shackel 1998 , Costes et al. 2000 , Obeso 2002 , Berman and DeJong 2003 , Connor and Fereres 2005 , Embree et al. 2007 , Lavee 2007 , Dag et al. 2010 , Castillo-Llanque and Rapoport 2011 .
Strong source limitations to tree growth in this experiment, with well-irrigated and well-fertilized trees, does not contrast with the hypothesis that severe stresses, like water or temperature stress, might impair tree growth directly, before leaf and canopy photosynthesis are reduced enough to result in a carbon limitation to growth.
Conclusions
The present findings provide quantitative data for the rate of decrease in whole-tree vegetative growth per gram of reproductive growth, across two olive cultivars with different crop loads. The results showed that tree vegetative growth is closely related to differences in dry matter partitioning into fruit, and support the hypothesis that, in the absence of nutrient, water or other stress, tree growth is strongly source limited.
However, the results are also consistent with possible enhancement of leaf photosynthesis at increasing fruit load (or downregulation of photosynthesis at decreasing fruit load). Rather than by direct regulation of leaf photosynthesis by sinks, in olive this is more likely due to indirect effects of fruit on canopy size (i.e., via competitions with shoot growth) and consequent changes in selfshading and stomatal limitations of photosynthesis (via changes in plant water status), but further studies are needed to ascertain these mechanisms.
